An equivalent static analysis (ESA) procedure is proposed for the design of extended pile shafts subjected to liquefaction-induced lateral spreading during earthquake loading. The responses of extended pile shafts for a range of soil, structure and ground motion conditions were examined parametrically using nonlinear dynamic finite element analyses (NDA). The results of those parametric analyses were used to develop and calibrate the proposed ESA procedure. The ESA procedure addresses both the nonliquefaction and liquefaction cases, and includes criteria that identify conditions which tend to produce excessive demands or collapse conditions. The ESA procedure, its limitations, and issues important for design are discussed.
INTRODUCTION
Large-diameter extended pile shafts can be an effective bridge foundation choice for sites where earthquake loading has the potential to cause liquefaction and lateral spreading. The advantages of large-diameter shafts over groups of smaller piles are that they provide greater stiffness and strength relative to the magnitude of lateral spreading loads that can develop against them. Various recommended design methods for pile foundations affected by liquefaction (e.g., Tokimatsu and Asaka 1998 , Martin et al. 2002 , Tokimatsu 2003 , Liyanapathirana and Poulos 2005 , Cubrinovski and Ishihara 2006 provide different recommendations regarding how superstructure inertia and lateral spreading loads should be combined for estimating global (e.g., deck displacement) and local (e.g., pile shaft curvature) demands. Experimental and numerical studies have shown that lateral spreading and superstructure inertial loads act intermittently in-phase and out-of-phase during shaking (e.g., Brandenberg et al. 2005 , Tokimatsu et al. 2005 , Chang et al. 2006 . On the other hand, Transportation Research Board (2002) suggests that the peak lateral spreading loads occur at the end of shaking when ground displacements are largest, and are not simultaneous with inertial loads. This paper summarizes the development of an equivalent static analysis (ESA) procedure for the design of extended pile shafts subjected to liquefaction-induced lateral spreading during earthquake loading. A parametric study using a nonlinear dynamic finite element analysis (NDA) procedure was used to examine the response of extended pile shafts for a range of soil, structure, and ground motion conditions (Khosravifar et al. 2013) . The results of those parametric analyses are used to develop guidance for an ESA procedure that can be implemented without recourse to nonlinear dynamic analyses. The ESA procedure addresses both the nonliquefaction and liquefaction cases, and includes criteria that identify conditions which tend to produce excessive demands or collapse conditions. The following sections present the proposed ESA procedure, descriptions of the NDA and ESA analysis models, a comparison of the ESA and NDA results for the nonliquefaction cases, a comparison of the ESA and NDA results for the liquefaction cases, and an example application of the ESA procedure. Limitations and issues important for practice are discussed.
PROPOSED EQUIVALENT STATIC ANALYSIS (ESA) PROCEDURE
The proposed ESA procedure was developed to provide estimates of the local and global demands for design without recourse to nonlinear dynamic analyses for the soil profile or soil-structure system. The approach used in this paper assumes that the NDA models provide an unbiased estimate of field performance, and that the calibration of the ESA procedures to approximate the NDA results provides a reasonable basis for developing design guidance at this time. The proposed procedure was developed after evaluating several alternative approaches (e.g., Khosravifar and Boulanger 2010, 2012) and requires that both nonliquefaction and liquefaction cases be evaluated. Emphasis was placed on maintaining simplicity to the extent possible unless it was shown that additional factors could quantitatively improve the agreement between the ESA and NDA results. The basic steps are outlined below, with more detailed descriptions of each step provided in subsequent sections:
1. Nonliquefaction case: Perform a nonlinear pushover analysis to evaluate the system's lateral loading stiffness and capacity. Estimate the inelastic displacement demand for the superstructure (Δ Nonliq ESA ) based on the design spectra for the ground surface motion in the absence of liquefaction. 2. Liquefaction case: Estimate the ultimate lateral spreading force (LSF) from the crust that overlies the liquefiable layer. Perform a nonlinear pushover analysis in two steps: (a) impose the LSF alone and thus obtain the superstructure displacement demand due to lateral spreading only, Δ LSF , and (b) then impose additional lateral displacements on the superstructure. Estimate the inelastic displacement demand for the superstructure in the presence of liquefaction by combining the effects of lateral spreading and inertia as:
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where C 0 Δ is a coefficient relating the inertia-induced displacement demand in the presence of liquefaction to the same demand in the absence of liquefaction. The value of this coefficient is developed later in this paper. Details of the above steps in the ESA as well as justification for the assumptions and approximations introduced in the procedure are discussed in subsequent sections of the paper.
ANALYSIS MODELS
The ESA and NDA finite element (FE) models were created using the OpenSees computational platform (Mazzoni et al. 2009 ). The two models use the same features and components where appropriate, which reduces potential sources of differences between ESA and NDA results.
NDA MODELS AND PARAMETERS
The NDA model is described in detail in Khosravifar et al. (2013) , and thus only a brief summary is provided herein. The model includes: (1) a 2-D soil column to simulate the farfield dynamic site response, (2) a reinforced concrete (RC) pile shaft, and (3) soil interface springs to connect the far-field soil column to the pile. As explained by others (e.g., Tokimatsu and Asaka 1998 , Boulanger et al. 2003 , Ashford and Juirnaronigrit 2005 ) the inclusion of soil springs between the pile shaft and the two-dimensional soil mesh allows for large relative displacements between the soil and the pile, and thus approximates the three-dimension effects of soil being able to deform around the pile shaft. The out-ofplane dimension of the plane-strain soil column was large enough to ensure that the soil column response was unaffected by the existence of the pile; that is, the soil column response represented a far-field response. The soil profile consists of a clay crust layer having a range of undrained shear strengths (S u ) and thicknesses, overlying a liquefiable loose sand layer having a range of standard penetration test (SPT) corrected blow counts ½ðN 1 Þ 60 and thicknesses, overlying a nonliquefiable dense sand layer. The Pressure-Dependent-Multi-Yield (PDMY02) model was used for sands and the Pressure-Independent-Multi-Yield (PIMY) model was used for clays (Yang et al. 2003 (Yang et al. , 2008 . The RC pile was modeled using displacement-based distributed plasticity beam-column elements, with the RC section discretized using fiber sections. Confined and unconfined concrete stress-strain behaviors followed the models suggested by Mander et al. (1988) and Caltrans (2006) . The deck was modeled as a lumped mass with P-Δ effect included using co-rotational transformation in OpenSees (Mazzoni et al. 2009 ). The co-rotational transformation accounts for large deformation and applies loads (such as vertical load here) at the deformed geometry. The pile-todeck connection is modeled either to allow rotation (i.e., pinned connection between pile head and superstructure so that no moment is transferred to pile head) or to fully restrain rotation (i.e., zero rotation at pile head thereby allowing moment transfer to pile head).
The pile elements were connected to the far-field soil elements using horizontal (p-y), vertical (t-z) and bearing (q-z) springs developed by Boulanger et al. ( , 2003 and Brandenberg et al. (2012) , with the soil spring parameters based primarily on API (1993) recommendations. The p-y and t-z springs in the sand layer account for first order effects of liquefaction on soil-pile interaction by updating the initial stiffness and strength of the spring based on the excess pore-water-pressure ratio developed in the free field. Brandenberg et al. (2012) showed that these springs can reasonably capture key features of soil liquefaction effects on soil-pile interaction by comparing the results of numerical dynamic analyses to the results of centrifuge experiments with pile diameters as larger as 1.2 m. Nonetheless, interactions between the pile and surrounding liquefied soil can cause significant variations in the excess pore water pressures near the pile, which in combination with the resulting transient seepage patterns around the pile, can significantly affect the soil-pile interaction stresses. Assimaki and Varun (2009) formulated a p-y macroelement that incorporates these near-field pore pressure response effects, with this added feature requiring specification of additional input parameters. These near-field interaction effects on p-y and t-z responses in liquefied soils could potentially be more significant for the large diameter shafts examined in this study, although there is currently no experimental or field data upon which to evaluate this possibility. Fortunately, the p-y and t-z responses in the liquefied layer represent a relatively minor reaction on the pile shaft compared to those from the overlying and underlying nonliquefied layers, such that the procedures used herein are considered a reasonable approximation for the purposes of this study.
A set of 49 non-scaled acceleration time series were used as input motions at the base of the soil column. The range of parameters covered by the NDA, and the corresponding ESA, are summarized in Table 1 .
Three different loading cases were analyzed for each soil-structure scenario. Case A was the baseline analysis of the full structural model, and as such included the combined effects of liquefaction-induced lateral spreading and superstructure inertia. Case B was the "nonliquefaction" case wherein excess pore pressures were precluded from being generated in the soil profile. Kinematic effects are small in this case because soil strains are generally small, and thus the demands on the pile shaft are primarily due to the superstructure inertia. Case C was the "lateral spreading only" case wherein superstructure inertia was eliminated by setting the superstructure and pile masses to zero. Vertical loads on the shaft were kept the same as in Cases A and B, however, to keep the moment-curvature behavior similar in all three cases. These three analysis cases provided an approximate assessment of the relative contributions of lateral spreading and inertial loading to the overall demands on the structure. They also provide a basis for evaluating the ESA guidance against NDA results for cases that emphasize different loading components.
ESA MODELS AND PARAMETERS
The ESA models are used to obtain lateral pushover responses under loading conditions that approximate the demands imposed by the dynamic response of the superstructure and laterally spreading ground. The ESA models differ from the NDA models in that: (1) they do not include a free-field soil column, and (2) loading is applied statically rather than dynamically. Otherwise, the ESA models use the same RC pile shaft and soil interface springs as used in the NDA models and they cover the identical parameter ranges ( Table 1 ).
The same three loading cases covered by the NDA study were also analyzed using the ESA models. Case A 0 is the baseline analysis, and as such includes equivalent-static representations of the combined effects of liquefaction-induced lateral spreading and superstructure inertia. Case B 0 is the "nonliquefaction" case, wherein only the equivalent-static demand due to the superstructure inertia is included. Case C 0 is the "lateral spreading only" case wherein only equivalent-static demand from lateral spreading is included. Vertical loads on the shaft are the same for all three cases, such that they produce the same momentcurvature and P-Δ behaviors.
DISPLACEMENT DEMAND IN ABSENCE OF LIQUEFACTION (Δ Nonliq ESA )
The ESA and NDA results are first compared for the "nonliquefaction" condition because it is an important first step in the design of extended pile shaft foundations. The NDA and ESA models for these cases are illustrated in Figure 1 . 
ESA PROCEDURE
The ESA for the nonliquefied condition includes the following steps: (1) performing a pushover analysis as illustrated on Figure 1 ; (2) estimating equivalent stiffness of the soil-pile system and calculating the equivalent elastic period of the system ( Figure 2) ; (3) estimating elastic demands (superstructure displacement) for the equivalent elastic period from the ground surface response spectra (5% damped pseudo-spectral acceleration, PSA); and (4) estimating inelastic displacement demands by modifying the elastic demands using R-μ-T relationships and/or including factors for P-Δ and other effects. Inelastic displacement demands are often assumed to be equal to the elastic demands because extended pile shafts are usually long period structures (periods greater than 1 s), such that the equal-displacement rule applies. The pushover analysis provides the local demands (e.g., bending moments and curvature ductility in the plastic hinge) that result from the imposed displacement demands.
Dynamic effects of gravity loads (P-Δ) depend on a number of factors, such as post-yield stiffness, equivalent elastic period of the structure, strength ratio, frequency content and duration of the ground motion. To minimize the potential for increased displacements due to dynamic P-Δ effects, the Caltrans (2006) ESA procedure includes a conservative limit on deck displacements below which P-Δ effects can be neglected; The criteria is that the bending moment due to the P-Δ effect (M P-Δ ) must be smaller than 20% of pile's plastic moment capacity (M p ). The FEMA-356 (2000) ESA procedure for buildings estimates the increased displacement demand due to P-Δ effect by application of a modification factor (C P-Δ ) that depends on post-yield stiffness, strength ratio, and equivalent elastic period. For the present study, comparisons of the displacement demands obtained from the NDA (which includes P-Δ effects) and the displacement demands obtained from the ground surface response spectra (which does not include P-Δ effects) showed a consistent dependence on the magnitude of the P-Δ-induced bending moment and relatively little dependence on other factors. Subsequently, the effect of P-Δ on displacement demand was approximated by multiplying the elastic demand by Figure 2 . Example of an ESA pushover curve for the nonliquefaction condition, and two different methods of describing the equivalent stiffness of the system.
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This equation improved the accuracy of ESA-based estimates of the NDA-computed demands for the non-liquefaction case (Khosravifar 2012) .
Two approaches for interpreting the equivalent lateral stiffness of an example soil-pile system are compared on Figure 2: (1) using first-rebar-yield point, and (2) using the point corresponding to 75% of the maximum pushover load (F max ). The structure experiences considerable flexibility from the soil deformation before reaching to the first-rebar-yield point, such that the first approach could result in an unreasonably soft equivalent stiffness. It is suggested that the 75% of F max be used instead, if this force level develops before reaching to the first-rebar-yield point. Periods calculated from the two methods are compared with the period obtained from NDA spectral-ratio curves on Figure 3 . Figure 3a shows the ratio of superstructure PSA to the input motion PSA for 49 ground motions applied on the same structure and site condition (2 m diameter pile, 10 m above ground height, 2% longitudinal steel ratio, 10% f 0 c A g axial dead load where f 0 c is the unconfined compressive concrete strength and A g is the gross column area, 5 m-thick clay crust with S u ¼ 40 kPa, and 3 m-thick loose sand mid-layer with ðN 1 Þ 60 ¼ 5). The equivalent period is extracted from the PSA-ratio curves by selecting the period corresponding to the peak ratio (Point A). This period is compared on Figure 3b with the periods calculated from pushover analysis with the two different approaches for describing the equivalent stiffness. Results show that using 75% F max to extract the equivalent stiffness and equivalent period provides a better estimate of the equivalent period obtained from this and other NDA responses. The ESA pushover curve from Figure 2 is compared in Figure 4 with the inertial force versus deck displacement response obtained from the NDA for this same example structure subjected to the WGK station recording from the 1999 Chi-Chi earthquake with a peak horizontal acceleration of a max ¼ 0.5 g. The pushover response provides an approximate envelope for the dynamic response, including the progressive reduction in lateral resistance with increasing deck displacement. The post-peak negative slope of the pushover curve is solely due to P-Δ effects because the moment resistance in the plastic hinge remained constant or slightly increased due to strain hardening over the range of displacements covered by this analysis. Consider, for example, the point where the lateral pushover resistance has reduced to 80% of the peak pushover resistance (F max ) in Figure 4 . At this point, the deck's lateral displacement is about 1.2 m and the P-Δ-induced bending moment in the pile shaft (M P-Δ ) is equal to about 50% of the plastic moment capacity of the shaft (vertical pile head load is 14.1 MN and pile moment capacity M p is 33.4 MN-m).
COMPARISON OF ESA AND NDA RESULTS
The maximum deck displacement and curvature ductility obtained from the ESA and NDA for these nonliquefaction conditions are compared in Figures 5a and 5b for all cases covered by the parametric analyses (Table 1 ). The majority of the points fall within the 2∶1 and 1∶2 lines, with the exception of several cases where the NDA produced much larger displacements than the ESA. Focusing first on the majority of the cases (blue points in Figure 5 ), the ESA results tend to slightly underestimate the NDA results (median fit is Δ ESA ¼ 0.8 Â Δ NDA 0.9 ) with the residuals being approximately log normally distributed with a standard deviation of 0.27. The main difference between the ESA and NDA responses may be attributed to factors such as differences in effective damping ratios, the incremental accumulation of displacements (ratcheting) in the NDAs, or the inherent approximation of the equal displacement assumption. Despite these differences, the ESA procedures provide a reasonable estimation of the NDA responses with a dispersion that is consistent with those associated with equivalent static analysis approximations of nonlinear dynamic structural responses (Lawson et al. 1994) . The P-Δ effect is included in the comparisons shown in Figures 5a and 5b , for which C P-Δ ranged from 1 to 1.57 based on Equation 2. Comparisons between NDA and ESA induced maximum deck displacements are made without accounting for P-Δ effect in Figure 5c . The median fit if P-Δ effect is not included is Δ ESA ¼ 0.7 Â Δ NDA 0.9 which shows that including P-Δ provided better agreement with the NDA results. The P-Δ effect becomes more prominent in liquefied conditions as will be shown later. Several NDA cases of excessive deck displacement (displacements greater than about 4 m) or collapse (collapse cases are plotted at a deck displacement of 6 m for convenience) were not adequately predicted by the ESA (i.e., the points are well below the 2∶1 lines in Figures 5a and 5b) . Collapse cases are plotted at 6 m based on the observation that if the displacement exceeded 6 m, the system inevitably became unstable under the influence of the P-Δ moments. These cases were examined for any distinguishing structural, soil, or ground motion characteristics that were different from the cases where the ESA and NDA were in better agreement. This examination found that a distinguishing characteristic was that the structures had developed large enough deck displacements that their lateral resistance was significantly decreased by the P-Δ effect (e.g., as illustrated in Figure 4 ).
The points in Figure 5 were subsequently binned by the ESA-predicted lateral resistance ratio F∕F max , from which it was found that an ESA-predicted F∕F max < 0.8 was a good indicator of the potential for excessive deck displacements in the NDA. This observation is attributed to the fact that the progressive ratcheting of deck displacements in one direction are enhanced whenever P-Δ-induced lateral softening is significant. Accordingly, it is recommended that the ESA procedures include the criterion that F∕F max > 0.8 in the degrading branch of the pushover curve in Figure 4 .
The F∕F max ratio is related to the M P-Δ ∕M p ratio, although not uniquely. For the ESA results presented herein, the M P-Δ ∕M p ratio ranged from 0.20 to 0.55 when F∕F max was equal to 0.80. It is also noted that Caltrans (2006) requires that the maximum lateral resistance (F max ) be greater than 10% of the dead (axial) load and that this ratio was between 9% and 70% for the cases analyzed herein. Ratios of M P-Δ ∕M p or of F max to axial load were found to be less effective than F∕F max for identifying those cases where the excessive deck displacements developed.
DISPLACEMENT DEMAND DUE TO LATERAL SPREADING ONLY (Δ LSF )
Estimating the displacement demand due to lateral spreading only is one of the first steps in the proposed ESA procedure for liquefaction effects. This section of the paper describes an ESA procedure to estimate displacement demands in "lateral spreading only" condition and compares the results of ESA with the results of NDA (Figure 6 ).
ESA PROCEDURE
The procedure to estimate deck displacement due to lateral spreading alone starts with calculating the load imposed on the pile from the laterally spreading crust. The maximum crust load (or lateral spreading force, LSF) in the ESA is equal to the sum of the ultimate capacities of the p-y springs that connect the pile to the soil column in the NDA. The ultimate p-y capacities for the assumed clay crust is calculated from Matlock's (1970) expression, E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 3 ; 4 1 ; 1 5 7
and the LSF is then computed as, E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 4 ; 4 1 ; 1 1 3
where p ult is the ultimate load per unit length of the pile (kN∕m), σ 0 v is the vertical effective stress, z is the depth (in meter), D is the pile diameter (in meter), and dl is the tributary length for p-y elements. The LSF calculated from Equation 4 is equal to the maximum crust load experienced in the NDA analyses. The crust load reaches to its maximum value (LSF) when the relative displacements between the pile and the crust increase monotonically to 8y c , where y c is 2.5ε c D based on API (2000) and ε c is the strain at half of the maximum stress in a laboratory unconsolidated undrained compression test. An ε c value of 0.01 was adopted in this study such that a monotonic relative displacement between the soil and pile of about 0.4 meter is required to reach the maximum capacity of the p-y springs for a 2 m-diameter pile.
The liquefied loose sand layer beneath the clay crust also imposes lateral loads against the pile shaft in the NDA, but these loads are generally small relative to those from the clay crust and they do not always act in the same direction as the crust load at the critical loading times. For this reason, computing the LSF for the nonliquefied crust alone was found to be sufficient for the ESA. Finally, the ESA is performed by removing the p-y and t-z springs in the crust and liquefying layer, and applying the lateral spreading force (LSF) as a distributed load over the thickness of the crust layer as shown in Figure 6 (Case C 0 ). The focus of this study has been on cases with a nonliquefiable clay crust. The same procedure may reasonably be applied to cases with a nonliquefiable sandy crust (e.g., water table below the crust) provided that p ult is determined using equations appropriate for sand (e.g., API 2000). On the other hand, the application of this procedure to cases where the liquefiable stratum extends to the ground surface (e.g., loose sand with the water table at the ground surface) is uncertain because such cases were not included in the parametric study. With the liquefied layer extending to the ground surface, removing the p-y springs from the liquefied layer would result in the LSF being zero, which would be unconservative for the effect of lateral spreading alone. However, removing the p-y springs from the liquefied layer also eliminates lateral resistance to inertial loading, such that the design for combined loading may still be reasonable. Nonetheless, extension of the proposed design procedure to cases where liquefaction extends to the ground surface should be approached with caution pending site-specific or additional generalized NDA studies.
COMPARISON OF ESA AND NDA RESULTS
The maximum deck displacement and pile shaft bending moment obtained from the ESA and NDA for the "lateral spreading only" cases are compared in Figures 7a and 7b for all cases covered by the parametric analyses (Table 1 ). The vertical force was kept the same in Figure 6 as that in Figure 1 to produce similar moment-curvature behavior and to include the PΔ effect of the vertical load. The points on this figure are binned into four categories that illustrate important features affecting the differences between the ESA and NDA results: (1) cases with M LSF ∕M P > 1, (2) cases with ground surface displacements < 0.2 m, (3) cases where the underlying dense sand developed shear strains greater than 0.5%, and (4) all other cases. The condition of M LSF ∕M P > 1 leads to collapse in an ESA (collapse cases are plotted in Figure 7a at a deck displacement of 6 m for clarity), but may not lead to collapse in an NDA if the lateral ground displacements are not large. This is why the deck displacements for an ESA with M LSF ∕M P > 1 (red points) are located well above the 1∶1 line in Figure 7a . At the same time, the bending moment is well predicted because the shaft yields in most all NDA cases, such that these points fall close to the 1∶1 line in Figure 7b . Note that bending moment rather than curvature ductility is shown in Figure 7b because any reasonable ESA design will restrict the pile shaft from yielding under the lateral spreading force alone.
Cases with ground surface displacements less than 0.2 m in the NDA (gray points in Figures 7a and 7b) do not develop full passive crust loads, whereas the ESA assumes the full passive crust loads have been developed. For this reason, the ESA tends to overestimate the maximum deck displacement and pile bending moment that develops under this "lateral spreading only" case; that is, the points tend to plot well above the 1∶1 line in Figures 7a and 7b . If the estimated lateral ground surface displacements are confidently expected to be less than about 0.2 m, then a less-conservative estimate of the mobilized lateral spreading force could be obtained from an analysis that imposes free-field ground displacements on the support ends of the p-y springs (e.g., Boulanger et al. 2007 ).
Cases where the underlying dense sand layer developed shear strains greater than 0.5% in the NDA (green points in Figures 7a and 7b ) produce greater demands on the superstructure and pile shaft than are estimated in the ESA because the ESA assumes zero strain in the dense sand layer. The occurrence of shear strains in the dense sand layer produces a rotation of the pile shaft, which contributes to lateral translation of the superstructure deck. In addition, high shear strains in the dense sand layer are also accompanied by some excess pore-waterpressure which softens the p-y springs in the dense sand layer and increases the superstructure displacement. Softening of the p-y springs in the dense sand near the loose sand interface also results in the point of maximum bending moment moving to a slightly greater depth and hence the bending moments are also slightly greater in magnitude. If significant strains are expected below the liquefiable layer in practice, then a more refined estimate of the demands on the pile shaft may be obtained from an ESA that also imposes free-field ground displacements on the support ends of the p-y springs over the full pile length.
The remaining cases (blue points), which are the majority, in Figure 7 show that the ESA tends to under-estimate the deck displacements and (to a lesser degree) pile bending moments obtained from the NDA. This tendency is primarily attributed to the ESA not including the effects of any shear strains in the underlying dense sand layer (which are unavoidable in the NDA) and the effect of nonlinear cyclic (ratcheting) behavior in both the RC shaft and p-y springs. For example, moderate yielding in the RC pile during a long duration ground motion can result in the accumulation of significant shaft curvature and associated deck displacements which are not captured by the ESA.
DISPLACEMENT DEMAND INCLUDING LIQUEFACTION (Δ Liq ESA )
The ESA procedure for estimating displacement demands for liquefaction effects was described in general terms earlier in this paper. This section provides more specific details on the proposed approaches for: (1) performing a pushover analysis for combined inertial and lateral spreading demands and (2) estimating the demands from superstructure inertia. Finally the results of ESA will be compared to the results of NDA.
PUSHOVER RESPONSE TO INERTIAL AND LATERAL SPREADING DEMANDS
The ESA baseline analysis for the liquefaction case (Case A 0 ) involves a pushover analysis of the structural model that incorporates both lateral spreading and superstructure inertial demands to reasonably estimate the conditions developed in the NDA (Case A). The NDA and ESA models for these cases are illustrated in Figure 8 . The pushover analysis provides the local demands (e.g., bending moments and curvature ductility in the plastic hinge) that result from the imposed displacement demands. The ESA pushover analysis is performed as follows:
1. Remove the p-y springs for the liquefied layer and any overlying crust. 2. Impose the maximum crust load laterally against the pile shaft, and compute the deck displacement due to this lateral spreading force, Δ LSF . 3. Impose additional lateral displacements at the deck to obtain the pushover response, with the expected lateral displacement demand being Δ Liq ESA .
Examples of the pushover response to these combined demands are illustrated in this section, whereas the estimation of the inertial demands will be addressed in the following section.
The components of the pushover response, including the order of load applications, are illustrated by the example response in Figure 9 for the same structure that was used in the nonliquefaction example shown previously in Figure 2 (2 m-diameter pile, 10 m above ground height, 2% longitudinal steel ratio, 10% f 0 c A g axial dead load, 5 m-thick clay crust with S u ¼ 40 kPa, and 3 m-thick loose sand mid-layer with ðN 1 Þ 60 ¼ 5). The lateral spreading force of LSF ¼ 1;640 kN, which is applied first, produces a deck displacement of about 0.07 m. The lateral pushover force (F), which is then applied at the superstructure, reaches a peak of about 880 kN at a deck displacement of about 0.47 m, such that the total horizontal shear force in the pile shaft just below the crust layer is about 2,520 kN at that point (i.e., LSF þ F). The lateral pushover force then progressively decreases with increasing deck displacement because of P-Δ effects.
The pushover response from Figure 9 is then compared in Figure 10a with an NDA response for the same structure subjected to the same motion used in the example in Figure 4 (WGK station recording during the 1999 Chi-Chi earthquake). The superstructure inertia force versus deck displacement differs significantly from the ESA pushover curve because the effects of liquefaction take time to manifest themselves during dynamic shaking; for example, the lateral strength of the structure progressively decreases during shaking as excess pore pressures are generated, and the direction of the crust load varies dynamically rather than acting solely in the downslope direction as assumed in the ESA. This comparison illustrates how the ESA does not attempt to approximate the dynamic response, but rather is only meant to provide an approximate estimate of the peak demands.
The pushover response for the same structure but with different clay crust strengths is shown in Figure 10b . As the clay crust strength (S u ) was progressively increased from 20 kPa to 100 kPa, the lateral spreading force increased almost proportionally and the corresponding M LSF ∕M p increased from 0.20 to 0.80. The peak pushover force, F max , simultaneously decreased from about 1,100 kN to only 180 kN as S u was increased over this range of values. Similarly, the deck displacement at which the lateral pushover force dropped below zero (indicating a collapse condition) decreased from more than 2 m to only 0.8 m as S u was increased.
It is later shown that, similar to the nonliquefaction case, the potential for excessive deck displacements or collapse in an NDA for the liquefaction case is reasonably well identified by an ESA-predicted lateral resistance ratio F∕F max < 0.8 on the degrading branch of the pushover curve. This observation is similarly attributed to the fact that the progressive ratcheting of deck displacements in one direction are enhanced whenever P-Δ-induced lateral softening is significant. The points corresponding to F∕F max ¼ 0.8 are shown on the pushover curves in Figure 10b , illustrating how an increasing crust load similarly reduces the deck displacement at which the potential for excessive deck displacements or collapse becomes more pronounced.
ESTIMATING DEMANDS FROM SUPERSTRUCTURE INERTIA
The ESA baseline analysis of the full structural model with lateral spreading and superstructure inertia (Cases A 0 ) requires an estimate of the additional displacement demand due to the superstructure inertia. The inertial demands that develop in the liquefied condition are different than those in the nonliquefied condition because triggering of liquefaction affects the dynamic response of the full system; for example, it changes the seismic site response of the soil profile, the lateral stiffness and load transfer between the soil profile and the pile shaft, and the equivalent period and response of the superstructure. For an ESA of the liquefaction case, the question is whether a reasonable estimate of inertial-induced demands can be made without recourse to the more time-consuming NDA. In the method proposed herein, inertial demands in the liquefied condition are related to the inertial demands in the nonliquefaction condition (Δ Nonliq ESA ) through the C 0 Δ coefficient in Equation 1. The values and dependencies of the ESA C 0 Δ coefficient were investigated using both the NDA results and the ESA versus NDA comparisons. The details of this investigation, including the evaluation of any potential dependency of C 0 Δ on various soil, pile, and ground motion characteristics, are provided in the online Appendix. The conclusion of that investigation was that no strong correlation was found between C 0 Δ and any of the parameters that a foundation designer would know without recourse to a sophisticated NDA analysis. In addition, the mean value of C 0 Δ for the range of conditions studied in this paper, was found to not be significantly different from unity. Accordingly, for simplicity, C 0 Δ ¼ 1.0 is recommended to be used in Equation 1 to estimate the inertial demands to be imposed on pile head in 
COMPARISON OF ESA AND NDA RESULTS
The maximum deck displacement and curvature ductility obtained from the ESA and NDA for the liquefaction case are compared in Figures 11a and 11b for all cases covered by the parametric analyses (Table 1 ). The data are separated into two bins, with the red points representing those cases that failed to meet either of the proposed screening criteria: F∕F max > 0.8 in the degrading branch of the pushover curve for the nonliquefaction and liquefaction cases, and M LSF ∕M p < 0.75 for the liquefaction case. The majority of the points across the middle range of displacement and curvature ductility demands largely fall within the 2∶1 and 1∶2 lines. The ESA tends to over-estimate the NDA responses when the demands are small, which is largely attributed to the conservative assumption in the ESA that the full passive crust load is fully mobilized regardless of the magnitude of the ground surface displacements. On the other end, the agreement between the ESA and NDA is generally poor as ESA deck displacements exceed about 0.5 m.
The majority of the cases of poor agreement between the ESA and NDA at large demands are, however, already identified by the proposed screening criteria (i.e., the red points in Figure 11 ). Consider first the criterion that M LSF ∕M p < 0.75 for the liquefaction case. If M LSF ∕M p > 1.0, the ESA predicts collapse (plotted at a deck displacement of 6 m and curvature ductility of 30 for convenience) whereas the NDA may predict a finite demand because the ground surface displacement is not unbounded (i.e., the crust load can change direction in the NDA if the shaft moves more than the crust). These are the points that plot well above the 1∶1 lines in Figure 11 . If M LSF ∕M p > 0.75 but <1.0, an ESA can indicate a stable response whereas an NDA can exhibit a one-sided ratcheting response every time the superstructure inertia force, in combination with the already large crust load, is sufficient to cause yielding of the pile shaft. This ratcheting response leads to the progressive accumulation of excessive demands or even collapse in the down-slope direction. The potential for this one-sided ratcheting response in the NDA was also correlated with the ESA-predicted F∕F max being <0.8, which is an indicator that the potential for P-Δ-induced lateral softening is particularly detrimental when combined with a high crust-load induced M LSF ∕M p ratio.
The NDA results in Figure 11 included 10 cases of collapse which were not identified by the ESA or proposed screening criteria; that is, the blue points plotted at a deck displacement of 6 m in Figure 11a . These cases all had M LSF ∕M p > 0.3 and were subjected to high intensity ground motions with a cumulative absolute velocity (CAV 5 , Kramer and Mitchell 2006) of CAV 5 > 3 g · s.
ESA and NDA responses are compared in Figure 12 for those cases having the abovedescribed characteristics associated with potentially excessive demands or collapse; that is, F∕F max < 0.8 in the nonliquefaction or liquefaction cases, M LSF ∕M p > 0.75 for the liquefaction case, or CAV 5 > 3 g · s in combination with M LSF ∕M p > 0.3 for the liquefaction case.
Comparing Figures 11a and 12 shows that these screening criteria provide a reasonable identification of those cases where the ESA did not adequately predict the poor performance observed in the NDA. Conversely, the results in Figure 12 also show that failure to meet these criteria does not necessarily mean that poor performance is to be expected or that the ESA and NDA results will not be in reasonable agreement. The first two criteria are nonetheless considered prudent limits for design, whereas the third criteria may be considered indicative of conditions which should either be avoided or which require an NDA to adequately evaluate.
Attempts to improve the agreement between the ESA and NDA by adjusting the proposed procedures in different ways proved ineffective; for example, having C 0 Δ be functionally dependent on parameters such as F∕F max , M LSF ∕M p , or CAV 5 . The inability to refine the ESA is attributed to the fact that the equivalent static approximation of this complex nonlinear dynamic system already introduces significant limitations (or dispersion) in the ESA-NDA comparisons. For this reason, more refined expressions for C 0 Δ were not justified by the ESA-NDA comparison. In this regard, the residuals between the ESA and NDA results in Figure 11 , considering only those points that meet the above-described criteria, are approximately log-normally distributed with standard deviations of 0.30 for the maximum deck displacement and 0.36 for the maximum curvature ductility. In addition, the residuals for the deck displacement or curvature ductility did not show strong correlations with any of various soil, pile, and ground motions parameters that can be included in the ESA without the necessity of performing an NDA.
DESIGN EXAMPLE
A design example is presented to illustrate and summarize the recommended ESA procedure. A 2 m diameter extended pile shaft with 10% axial load ratio (superstructure mass of Figure 13 . ESA design example with (a) structure and soil profile, (b) pushover response, and (c) pseudo-acceleration response spectra (5% damped) for the nonliquefaction case (Case B 0 ). 1,435 Mg), 2% longitudinal steel area ratio, and the soil profile shown in Figure 13 is subjected to a ground motion having the ground surface PSA shown in Figure 13c The ESA for the nonliquefaction case (Case B 0 ) is illustrated in Figure 13 . The equivalent lateral stiffness from the pushover response is 7;200 kN∕m (k e ¼ F 75% ∕Δ 75% ¼ 1;390 kN∕0.19 m) which results in an equivalent period of 2.8 s based on the superstructure mass of 1,435 Mg. The pseudo spectral acceleration of theground surface in the absence of liquefaction at a period of 2.8 s is PSA ¼ 0.24 g. The estimated deck displacement is calculated as Δ Nonliq ESA ¼ ðm Á PSA∕k e Þ Á R d Á C P-Δ . The R d coefficient relates elasto-plastic demands to elastic demands, and is taken to be 1.0 following the equal-displacement assumption for long-period structures (e.g., ATC-32 1996) . The P-Δ coefficient, C P-Δ , is calculated to be 1.2 from Equation 1 (
is estimated as the superstructure weight multiplied by estimated deck displacement before the P-Δ adjustment; that is, ðmgÞðm Á PSA∕k e Þ Á R d . Consequently, the maximum deck displacement is calculated to be 0.57 m and the corresponding curvature is 0.0043 rad∕m. The maximum force (F max ) on the pushover curve on Figure 13b is 1,850 kN. The maximum allowable deck displacement corresponding to F ¼ 0.8, F max is 1.2 m; therefore, the estimated maximum deck displacement is acceptable.
The ESA for the liquefaction case (Case A 0 ) is illustrated in Figure 14 . The LSF from the clay crust is 1,635 kN from Equations 3 and 4. The deck displacement due to LSF alone is 0.07 m (Δ LSF ) and the maximum moment in the pile shaft due to the LSF (M LSF ) is 11;600 kN · m. The corresponding M LSF ∕M p is 0.35, which meets the criterion that it be less than 0.75. The superstructure is then pushed laterally an additional 0.57 m to arrive at the final deck displacement of 0.64 m (Equation 1 with C 0 Δ ¼ 1). A plastic hinge forms at depth of 8.5m which is just below the liquefying layer. At the final deck displacement, the maximum pile curvature is 0.006 rad∕m, corresponding to a curvature ductility ratio of 2. The maximum allowable deck displacement corresponding to F ¼ 0.8, F max is 0.84 m from the pushover curve in Figure 14b ; thus, the estimated maximum deck displacement is acceptable. However, since M LSF ∕M p > 0.3 and CAV 5 > 3 g · s, this structure falls in a category of cases susceptible to excessive displacements. For this category of structures the proposed ESA can be used as a preliminary tool; however a nonlinear dynamic analysis is needed to make sure that the combination of relatively high lateral spreading load and high intensity ground motion does not lead into collapse of the structure.
Detailed NDA results for the same structure presented in this example subjected to the ground motion whose ARS is shown in Figure 13c is presented in Khosravifar et al. (2013) .
Additional design criteria, beyond those presented in this study, may also be considered. The curvature ductility from the ESA may be limited to a maximum value as determined by a section analysis that includes consideration of core concrete crushing and longitudinal and hoop steel strains. For example, Chai (2002) reported a curvature ductility capacity of about 11 for a 1.83 m-diameter pile shaft with a longitudinal steel ratio of 0.02 and axial load ratio of 0.038. For the cases presented herein, the ESA-predicted curvature ductility demand was always less than the curvature ductility capacity (as obtained by a section analysis), except for those cases where collapse was predicted. Thus including this criterion would not affect the findings of this study. Other limits on deck displacement may be applicable depending on the superstructure configuration, seat widths, and other details.
CONCLUSIONS
A nonlinear equivalent static analysis (ESA) procedure for the design of extended pile shafts subjected to liquefaction-induced lateral spreading during earthquake loading was developed by calibration to the results of nonlinear dynamic analyses (NDA). The NDA results covered a broad range of soil, structure, and ground motion conditions and a wide range of predicted performance levels (Khosravifar et al. 2013) . The ESA procedures were developed to provide estimates of the NDA-computed local and global demands with sufficient accuracy for design, without requiring nonlinear dynamic analyses for the effects of liquefaction on site response. Conditions under which the ESA procedures provided poor approximations of the NDA responses were identified and discussed.
The recommended ESA procedures addressed both the nonliquefaction and liquefaction cases and include criteria that identify conditions which tend to produce excessive demands or collapse conditions. The pushover analysis for the liquefaction case is performed by:
(1) removing the p-y springs for the liquefied layer and any overlying crust, (2) imposing the maximum crust load laterally against the pile shaft, and (3) imposing an additional lateral deck displacement that is equal in magnitude to the deck displacement computed for the nonliquefaction case (i.e., C 0 Δ ¼ 1 in Equation 1 ). The pushover analysis provides the local demands (e.g., bending moments and curvature ductility in the plastic hinge) that result from the imposed displacement demands. For the liquefaction case, the moment induced by the lateral spreading force alone (M LSF ) should be kept less than 75% of the plastic moment capacity of the shaft (M p ). For either the liquefaction or nonliquefaction cases, the lateral deck displacement should be smaller than the displacement at which the lateral pushover resistance decreases below 80% of the peak lateral pushover resistance. For design ground motions characterized by CAV 5 > 3 g · s, the liquefaction case may require a nonlinear dynamic analysis or greater conservatism if M LSF ∕M p > 0.3. For cases where significant shear strains are expected in the soil strata beneath the liquefying layers, the ESA procedure should include imposing free-field soil displacements on the support ends of the p-y springs. The ESA procedures were illustrated by an example application. 
